Qeshm Island earthquake (M w 6.0) provides an excellent opportunity to study coseismic deformation in the Zagros Simply Folded Belt with Synthetic Aperture Radar interferometry (InSAR). Typical of reverse faulting in the Zagros, slip in the Qeshm Island earthquake did not rupture the surface. However, ascending and descending track interferograms spanning the earthquake both show an elliptical pattern of surface deformation in the central part of the island. We invert the interferometric data to attain a set of source parameters; these show ∼1 m slip on a steep (∼50
I N T RO D U C T I O N
The Zagros mountains in southern Iran are one of the most seismically active regions in the Alpine-Himalayan belt, accommodating approximately one-third of the N-S shortening between the Arabian Plate and Eurasia, which is ∼25 mm yr −1 at 56 • E (Sella et al. 2002; Vernant et al. 2004) . Though strike-slip earthquakes have an important role in the central and western parts of the range, where convergence is oblique, seismicity in the Zagros is dominated by high-angle reverse faulting (Talebian & Jackson 2004) . These earthquakes only rarely rupture the surface (Walker et al. 2005) ; near-surface deformation is instead taken up by folding, which has produced the spectacular whaleback anticlines and synclines (often >100 km in length) that dominate the topography of the Simply Folded Belt, the southwestern part of the Zagros (Fig. 1 ). There has long been a question as to whether there is a one-to-one correlation between these anticlines and steep, seismogenic reverse faults beneath them (e.g. Falcon 1969; Jackson 1980) .
In some regions of continental shortening, a causal relationship between buried thrust faulting and surface folding is known to exist; coseismic fold growth above a blind thrust fault was first observed during the M s 7.3 1980 El Asnam earthquake in Algeria (Yielding et al. 1981) and has since been demonstrated in eastern Iran (Berberian et al. 2000; Walker et al. 2003; Parsons et al. 2006) , amongst other places. In the Zagros, however, it has been difficult to establish whether such a relationship exists. This is largely because of uncertainty in the extent to which the sedimentary cover is decoupled from its underlying basement by various décollement horizons, particularly in evaporites, that extend across large parts of the range. (Vernant et al. 2004 ). In the main map, these same GPS velocities (mm yr −1 ) are shown with 95 per cent confidence ellipses. Grey focal mechanisms are Harvard CMT solutions . Black ones are body wave solutions for earthquakes in the same period (as listed in Talebian Synthetic Aperture Radar interferometry (InSAR) can potentially help resolve this question. Coseismic surface displacements, imaged to subcentimetric precision with InSAR, can be compared with the location of surface folding; a strong link between the two would suggest that fold growth is controlled by faulting during earthquakes. However, since earthquakes were first studied using this method 15 yr ago, there have been very few events in the Zagros of sufficient magnitude for detailed interferometric analysis. Lohman & Simons (2005) use InSAR to locate four M w ∼ 5 earthquakes in the Zagros, but in each case interferograms in only one satellite lineof-sight (LOS) direction are produced, providing little constraint on the mechanisms of such small events. The M w 6.0 2005 November 27 Qeshm Island earthquake, however, provides one of the first opportunities to study the surface deformation of a large earthquake in the Zagros with InSAR. In this paper, we combine radar interferometry with seismology and field observations to estimate the source characteristics of this earthquake and investigate the resulting surface displacements.
O V E RV I E W O F Q E S H M I S L A N D
Qeshm Island lies in the eastern Persian Gulf, ∼10 km off the Iranian mainland (Fig. 1) . It is ∼110 km in length but as little as ∼10 km wide, and trends ∼ENE, parallel with the mainland coast. The surface geology mainly comprises Neogene marls and sandstones, folded into prominent anticlines and synclines. Evaporites outcrop in the far western part of the island, where a prominent salt dome (Kuh-e-Namakdan) brings Cambrian Hormuz salt to the surface as a diapir. This is one of many similar salt domes in the Simply Folded Belt. On the adjacent mainland, Hormuz salt also outcrops in the cores of many whaleback anticlines. It is possible that the Qeshm island anticlines may also be cored with evaporites, although (Kuhe-Namakdan aside) no salt is currently exposed at the surface. The depth to the basement on the island is not known specifically, but aeromagnetic surveys of the mainland Zagros (Kugler 1973; Morris 1977 ) may offer a rough indication. Spectral analysis of these data reveals a basement depth of ∼16 km on the mainland just NW of Qeshm Island, while application of the half-slope method to individual magnetic anomalies yields depths of 10-17 km in the same area (Talebian 2003) . However, these estimates rely on long wavelength magnetic signals and locally there may be departures from this range.
Overall, Qeshm Island bears many geological and structural similarities with the adjacent mainland, and can thus be considered part of the Zagros Simply Folded Belt. Unusually, however, fold axes on Qeshm Island do not follow parallel trends. Instead, folds trending ∼E-W (Salakh anticline), ∼NE-SW (Ramkan syncline and Suza anticline) and ∼NW-SE (Laft anticline) converge to form a complicated structure in the central part of the island (Fig. 2) .
Extensive marine terraces indicate that much of Qeshm island has been undergoing uplift during Quaternary times (Haghipour & Fontugne 1993) . The terraces comprise reef and beach deposits lying uncomfortably over Neogene sediments. As many as 18 separate Engdahl et al. (1998) catalogue; these are likely to be accurate to around ∼10-15 km, from InSAR studies of other earthquakes in Iran (Talebian et al. , 2006 Lohman & Simons 2005; Parsons et al. 2006) . Major fold axes are marked with dashed black lines. Red arrows point to parts of the Qeshm coastline that show evidence of active uplift (from Haghipour & Fontugne 1993) ; the star indicates the location of the photograph in Fig. 3(a) . The short dotted line represents the cracks in Fig. 3(b) , and the asterisk shows the location of the cracks in Figs 4(a) and (b). levels have been mapped, the oldest at 220 m altitude and the youngest in the current littoral zone. Uranium-series dating of aragonitic corals yields uplift rates of 0.2 mm yr −1 (Preusser et al. 2003) . In the central part of the island, raised beaches along the coastlines near Shib Deraz, Suza and north of Laft, indicate continuing uplift at the present-day (Figs 2 and 3a).
T H E Q E S H M I S L A N D E A RT H Q UA K E
On 2005 November 27 at 10:22:19 UTC (13:52:19 local time), a M w 6.0 earthquake struck Qeshm island. It destroyed the village of Tonban in the central part of the island, while several neighbouring settlements including Gavarzin and Jijyan were badly damaged. Overall, 13 people were killed and a further ∼100 injured; these figures would probably have been higher had the earthquake not struck in the middle of the day, when many people were outdoors. Several aftershocks followed, including events of M w 5.0 and 5.4 on the same day at 11:13:14 and 16:30:40 UTC, respectively.
In this section, we begin by discussing field observations of ground deformation following the earthquake. We then produce ascending and descending-track interferograms spanning the earthquake; modelling these displacements using elastic dislocation theory, we attain a set of source parameters. We then model the earthquake and its largest aftershock with P and SH body waves to provide a second, independent set of source parameters.
Field observations
Two of us (MG and MT) visited Qeshm Island immediately after the earthquake; three of us (MG, JJ and MT) returned in 2006 May. No coseismic surface ruptures were observed, nor were any reported by local people. However, we did spot two interesting surface deformational features that may or may not have resulted from the Qeshm earthquake.
First, parallel sets of cracks were seen in the northwestern limb of the Ramkan syncline, close to the fold axis (Figs 2 and 3b). Local people said these appeared after the earthquake. They are minor shortening features representing buckling or fracture of the top 2-3 cm of salt-encrusted soil. They can be followed for ∼3 km along a 040
• trend, parallel with the strike of the bedding in the syncline but oblique to the E-W fault planes of our InSAR and body wave models of the earthquake (see Sections 3.2 and 3.3). This suggests that the cracks are not a direct continuation of the faulting at depth. Instead, they are likely to represent flexural slip along bedding planes, possibly indicating the tightening of the Ramkan syncline during the earthquake. A similar style of surface deformation has been reported for some other reverse faulting earthquakes in Iran, such as the 1978 September 16 M s 7.4 Tabas earthquake (Berberian 1979; Walker et al. 2003) .
Secondly, a small set of cracks were seen further southwest within the Ramkan syncline (Figs 2, 4a and b). They are tensional fissures, only 100-200 m in length and trending 120
• , oblique to both the local structure and to the fault planes of our earthquake models. Two of the cracks were observed during an earlier field trip in 2005 January (MT), several months before the earthquake (Fig. 4a) . We revisited the same locality shortly after the earthquake and noted a third crack had appeared, 1 m southwest of the earlier cracks (Fig. 4b) . However, this latest opening was not necessarily a result of the earthquake. Similar cracks appear and disappear frequently on Qeshm island, whether or not there have been earthquakes. Indeed, we observed several others in many different parts of the island in 2005 January; one such example is shown in Fig. 4 (c). These cracks often follow pre-existing jointing, and may be related to subsurface salt movement.
SAR interferometry
We use the JPL/Caltech ROI PAC software (Rosen et al. 2004 ) and the Envisat ASAR data itemized in the top part of Table 1 to pro- Table 1 . Summary of Envisat data used to produce interferograms. Mode is the Envisat acquisition mode and i is the incidence angle at the centre of the image, measured from the vertical. The first image of each pair was acquired on Date 1, and the second on Date 2, separated by t (d). The perpendicular baseline between the orbits in each pass is B ⊥ (m), and the altitude of ambiguity H a (m). The top three interferograms span the earthquake; the bottom two cover periods before and after the earthquake, respectively.
Pass
Mode Fig. 7a ). They are displayed wrapped, adjacent fringes differing by 2.8 cm in LOS displacement. They each have excellent correlation over Qeshm island, which is low-lying and sparsely vegetated.
All three interferograms display a roughly elliptical pattern of fringes, elongated in an E-W orientation and containing displacements towards the satellite. In the ascending-track interferogram, maximum displacements are ∼14 cm (5 fringes) at 26
• 49 N 55
• 54 E. In the descending case, peak displacements are greater-∼17 cm (6 fringes) in the 35-d interferogram and ∼20 cm (7 fringes) in the 350-d interferogram-and centred further east, at 26
• 56 E. All three interferograms also display an area of displacements away from the satellites, centred on 26
• 44 N 55
• 54 E. The signal here is small, with one fringe (∼3 cm) in both descending-track interferograms and half a fringe (∼1.5 cm) in the ascending-track interferogram. However, because it lies in the same place and is of similar shape in all three interferograms, we are confident that it represents surface displacements, not atmospheric noise. The lack of a sharp division between displacements towards the satellite and those away from it indicates that whatever slip is occurring at depth does not reach the surface. The fringes are, however, most closely packed along an ∼ESE trend between 26
• 47 N 55
• 52 E and 26
• 46 N 55
• 55 E, suggesting that this is where the fault projects to the surface.
Together, these observations are consistent with slip on a buried, ∼N-dipping reverse fault. We illustrate this point by calculating displacements for a simple model fault (strike 270
• , dip 45
• , rake 90
• , slip 1 m, length 8 km, top depth 4 km and bottom depth 8 km) in an elastic half-space (Okada 1985; Funning et al. 2005) . These are shown (unwrapped) in Fig. 6(a) . In each of the x, y and z components, the majority of motion occurs north of the fault. Displacements are antisymmetic about a line perperndicular to the centre of the fault in the x component, but symmetric about the same line in y and z components.
Interferograms comprise the sum of x, y and z components of motion, each resolved onto the satellite LOS pointing vector (Fig. 6b) . The z component dominates both interferograms, with the same sign in each case, but the signal is larger in the descending-track interferogram, with its steeper look angle. On the other hand, the y component contributes little to either interferogram; displacements in this direction are almost parallel with both ascending and descending satellite tracks. Finally, the x component is of the opposite sign in the ascending-track interferogram (where the horizontal component of the look direction is ∼E) than in the descending one (where it is ∼W). This moves the peak LOS displacements west in the ascending case, and east in the descending one. A north-dipping reverse fault can thus account for the both the larger displacements in the descending-track interferograms, and the difference in the location of peak displacements in ascending and descending cases.
We now model the interferometric data to estimate the earthquake source parameters. We begin by reducing the number of data points in each interferogram from ∼2 million to ∼1000 using a quadtree decomposition algorithm (e.g. Jónsson et al. 2002) . Giving the ascending-track displacements equal weighting to those of the two descending-track interferograms combined, we invert the data using a downhill-simplex algorithm with multiple Monte Carlo restarts (Wright et al. 1999) . We solve for uniform slip on a rectangular fault in an elastic half-space (Okada 1985) , with an elastic shear modulus of 3.23 × 10 10 Pa and a Poisson ratio of 0.25. The location, length, top and bottom depths, strike, dip, rake and amount of slip are all allowed to vary in the inversion. Table 2 ). Bottom: residuals left by subtracting the model interferogram from the observed one, for (e) ascending and (f) descending cases. All panels are shown wrapped with adjacent fringes differing by 2.8 cm in line-of-sight displacement. The dashed black box show the extents of the buried, north-dipping model fault plane in map view, while the thick black line is its projection at the surface.
The best-fitting model fault parameters are given in Table 2 , together with standard deviations calculated by inverting 100 data sets perturbed by realistic noise (Wright et al. 2003; Parsons et al. 2006) . These show ∼0.9 m of almost pure reverse slip on a fault striking E-W and dipping ∼49
• N. This relatively high angle is typical of reverse-faulting earthquakes in the Zagros, and may be inherited from normal faulting in the stretched Arabian margin, reactivated under the present shortening regime (Jackson 1980 , Talebian & Jackson 2003 . The model fault plane extends from a maximum depth of ∼8 up to ∼4 km beneath the surface. The depth to basement in the SE Zagros has been estimated from aeromagnetic data to be ∼10-17 km (Talebian 2004) , although locally there may be departures from this range. It would appear likely that the fault ruptured the sedimentary sequence, but it is not clear whether or not slip also occurred in the crystalline basement.
Model interferograms are shown in Fig. 5 (c) (ascending-track) and Fig. 5(d) (descending-track) , with residual interferograms (the difference between observed and model interferograms) in Fig. 5 (e) (ascending-track) and Fig. 5(f) (descending-track) . There is no more than one fringe present in the residuals, so in general our simple model reproduces the interferometric data well. However, in both ascending and descending cases there are ∼WNW-trending residuals above the western part of our model fault, suggesting a systematic misfit between data and model in this area. These residuals may result from an ambiguity in the strike of the fault. This must account for both the overall E-W elongation of the elliptical pattern of displacements towards the satellite, and the ESE-WNW orientation of the most closely packed fringes (where the fault projects to the surface). Uniform slip on a single, rectangular reverse fault cannot reproduce both of these trends; our model matches the E-W orientation of the ellipse successfully, but leaves residuals trending WNW where the fringes are most closely packed in the interferograms. We find that a two-fault model, with an eastern segment striking ∼W and a western one striking ∼WNW, can reduce the residuals in this area. Allowing distributed slip on the model fault plane would also improve the overall fit to the data. However, for the purposes of this study the simple, uniform-slip, one-fault model reproduces the data sufficiently well.
Finally, we briefly discuss the difference between the 35-and 350-d descending-track interferograms; these contain 6 fringes and 7 fringes of displacements towards the satellite, respectively (Figs 7a and 5a). This difference is displayed in Fig. 7(b) , and may indicate a small amount of ground displacement either before or after the earthquake. To investigate further, we produce two more descendingtrack interferograms (using the data itemized in the bottom part of Table 1 ), spanning a ∼17 month pre-seismic period (Fig. 7c) and a ∼2 month post-seismic period (Fig. 7d) . Both interferograms display small apparent displacements (less than one fringe) towards the satellite, centred close to the peak in the difference interferogram (Fig. 7b) at 26
• 56 E. However, given the size of these signals it is difficult to demonstrate that these are real ground displacements, not atmospheric noise.
Teleseismic body wave modelling
The M w 6.0 and 5.4 earthquakes were widely recorded by stations of the Global Digital Seismic Network (Butler et al. 2004) . To avoid complications from the Earth's crust and outer core, we use only those waveforms recorded in the distance range 30
• -90
• . We use the MT5 program (Zwick et al. 1994) to invert P and SH waveforms by a weighted least-squares method (McCaffrey & Abers 1988 ). Our velocity model (V p = 6.0 ms −1 , V s = 3.45 ms −1 and ρ = 2.78 × 10 3 kg m −3 ) is consistent with the elastic parameters used in the interferometic modelling. Following the procedure of Molnar & Lyon-Caen (1989) we obtain the strike, dip, rake, centroid depth, seismic moment and source-time function of the best double-couple solutions.
Our best-fitting body wave model for the larger event is displayed in Fig. 8 ; from the interferometry, it is clear that the north-dipping nodal plane represents the fault. Source parameters are listed in the second line of Table 2 . In addition, we calculate approximate errors of ∼10
• in strike, ∼5
• in dip, ∼ 15
• in rake and 0.2 × 10 18 N m in moment. These are estimated by fixing individual parameters to a range of values and inverting as previously, before comparing the resulting waveforms with those of the best-fitting solution; they are not formal errors and so are excluded from Table 2 . There are negligible differences in strike, dip and rake between our body wave solution and the InSAR model. However, the body wave moment is somewhat lower than the InSAR-derived moment, and the centroid depth (9 km) is deeper than the central point of our InSAR model fault (6 km).
To investigate these discrepancies we run a second body wave inversion with the centroid depth fixed at 6 km (the equivalent centroid depth of our InSAR model). The fit of the P waves in this fixed-depth model is very similar to that in the minimum-misfit solution. The fit of the S waves is worse in the fixed-depth model only for those stations where the fit was poor anyhow; for the stations displaying a simple pulse, the fit is actually better. This improvement is shown in Fig. 9 , and leads us to favour a centroid depth of 6 km. Furthermore, the moment of the fixed-depth body wave model is now closer to that of the InSAR model and Harvard CMT mechanism, reflecting a negative trade-off between depth and moment in the seismic modelling; the strike, dip and rake have changed little from earlier minimum-misfit values. The source parameters of our favoured, fixed-depth model are listed on the third line of Table 2 .
We do also consider an alternative possibility, that the minimummisfit body wave centroid depth of 9 km is correct whilst interferometric modelling yields inaccurate top and bottom depths. However, when we produce model interferograms in which the equivalent centroid depth is fixed at 9 km, the fit to the data is significantly degraded. So whereas a centroid depth of 6 km is consistent with both seismic and interferometric data, a depth of 9 km is not.
The best-fitting body wave model for the smaller, 16:30:40 UTC event is shown in Fig. 10 . Its source parameters (Table 3) are those of a pure strike-slip fault and lie very close to those of the Harvard CMT solution. Simple forward models of this body wave solution shows that the earthquake is too small to have contributed significantly (more than one fringe) to the interferometric deformation. The interferograms cannot therefore help discriminate between NWand SW-striking fault planes. Strike-slip faulting is rare in this part of the Zagros, and the aftershock may reflect tearing along the edge of the reverse fault. However, its slip vector (whichever nodal plane Figure 9 . The match between real (solid line) and synthetic (dashed line) waveforms for a selection of three P and three SH stations, for the minimum misfit solution of the 10:22:19 UTC earthquake (top line) and a model in which the centroid depth was fixed to 6 km (second line). There is a similar match in the P waves for the two models; however, where SH stations show a simple pulse, such as YAK, DBIC and BFO, the 6 km solution matches the waveforms better than the minimum-misfit one. We therefore prefer the model with a depth of 6 km, which matches the equivalent centroid depth of our InSAR-derived model. represents the fault) lies oblique to that of the earlier earthquake, so equally this might not be the case.
D I S C U S S I O N
A number of simple models of folding exist, with varying degrees of involvement from faulting. In this section, we use the term 'detachment fold' to describe those which are completely decoupled from the underlying rock units. Detachment folds have little or no link with faulting, and grow aseismically by buckling in direct response to shortening. The term 'forced fold', on the other hand, is used to describe those which grow in direct response to faulting beneath them. Forced folds are typically asymmetric, and can be driven by the upwards propagation of thrust faults at depth or by thrusting of material over bends in the footwall ramp (e.g. Suppe 1983 ). In the Zagros Simply Folded Belt many whaleback anticlines have marginally steeper southwestern limbs than northeastern ones. This asymmetry has been used to imply forced folding above NEdipping thrust or reverse faults (Falcon 1974; McQuarrie 2004) . Furthermore, Ramsey et al. (2007) present geomorphological evidence that these same anticlines are segmented along length-scales that correspond with the length of faulting expected from the largest earthquakes observed in the Zagros, given simple earthquake scaling relationships; again, this is consistent with forced fold growth. However, others have argued that deformation in the Simply Folded Belt is better explained by detachment folding. Walpersdorf et al. (2006) use a discordance between shortening measured with GPS, which is concentrated within ∼100 km of the Persian Gulf coastline, and seismicity, which extends up to ∼200 km inland, to suggest decoupling of the sedimentary layers from the basement. Moreover, there are many actively growing folds in the Persian Gulf-hence the existence and continued uplift of islands such as Kish and Sheikh Shoeyb (Preusser et al. 2003 )-even though there are very few recent, large earthquakes there.
Of course, it is possible that both models of folding are applicable to the Zagros, and some balanced cross-sections do indeed support a combination of forced folds and décollements (Blanc et al. 2003) . However taken together, these studies do not conclusively support one type of folding over the other. We now consider whether the deformation observed during the Qeshm Island earthquake can help resolve this problem. In many ways, this earthquake is typical of those in the Zagros Simply Folded Belt: a M w ∼ 6 reverse slip event on a steeply dipping (∼50
• ) fault plane. Furthermore, slip does not extend to the surface but is buried to ∼4 km depth.
We use the InSAR model source parameters to produce a map of uplift during the earthquake (Fig. 11) . We compare this to the surface structure, displayed on a Landsat image of central Qeshm Island in Fig. 2 . The greatest uplift (∼20 cm), directly above our model fault plane, occurs at the eastern end of the Laft anticline. Here, the fold axis bends E-W, roughly parallel with the model fault. This concurrence hints that the growth of this part of the Laft anticline might be controlled by the buried reverse fault which ruptured in the 2005 earthquake.
However, the pattern of uplift does not contour the Laft anticline but extends eastwards over significant portions of the NE-trending Ramkan syncline and Suza anticline. Together with the compressional cracks in Fig. 3(b) , this suggests that these neighbouring folds might also have tightened during the earthquake. The complication here is that only a fraction of the Ramkan and Suza folds uplifted during the earthquake; their long-term growth must be controlled by other factors. Equally, ∼1 cm coseismic subsidence south of the fault covers the southwestern ends of these same two folds. This subsiding area lies very close to parts of the southern Qeshm coastline that are known to be uplifting over Quaternary timescales (Haghipour & Fontugne 1993) .
The faulting involved in the 2005 earthquake might then control the growth of the Laft anticline, but it bears no relation to the shape and long-term growth of neighbouring folds. This argument holds even if we project coseismic slip right up to the surface; if stresses in the top ∼4 km were to relax post-seismically by folding along a narrow zone above the fault tip, as is observed above blind thrusts near Los Angeles (Dolan et al. 2003) , then the pattern of uplift would still fail to reflect long-term fold growth in central Qeshm Island. Of course, there may be other ways in which stresses in the region of folding above the seismogenic faults could relax; certainly there must be more going on than just repeated earthquakes, or the elastic limit would be reached in these uppermost sediments. However, assessing this may require measurements over much longer time periods.
The discordance between vertical motions caused by the earthquake and the pattern of long-term uplift prevents us from convincingly demonstrating a link between faulting and folding on Qeshm Island. Other factors must play a major part in local fold growth, although these could of course include other buried reverse faults. Folding in central Qeshm Island (with orthogonal fold axes) is clearly complicated, and it may take an earthquake in a simpler structural setting to reveal whether there is a one-on-one correlation between faulting and folding in the Zagros.
C O N C L U S I O N S
The M w 6.0 Qeshm Island earthquake in the Zagros Simply Folded Belt involved reverse slip on a steep (∼50
• ), north-dipping fault plane. Slip was restricted to depths of between ∼4 and ∼8 km; the earthquake almost certainly ruptured the sedimentary sequence, but whether or not it also affected the uppermost basement is not clear. Coseismic uplift is centred on a prominent anticline, which grew by up to ∼20 cm during the earthquake. This implies that the growth of this particular fold is controlled by a reverse fault directly beneath it. However, the pattern of uplift is discordant with the long-term growth of neighbouring folds. On Qeshm Island at least, a simple connection between faulting and folding cannot be made.
